Unlike modern mammalian communities, terrestrial Paleozoic and Mesozoic vertebrate systems were characterized by carnivore faunas that were as diverse as their herbivore faunas. The comparatively narrow food base available to carnivores in these paleosystems raises the possibility that predatorprey interactions contributed to unstable ecosystems by driving populations to extinction. Here, we develop a model of predator-prey interactions based on diversity, abundance and body size patterns observed in the Permo-Triassic vertebrate fossil record of the Karoo Basin, South Africa. Our simulations reflect empirical evidence that despite relatively high carnivore: herbivore species ratios, herbivore abundances were sufficient for carnivores to maintain required intake levels through most of the Karoo sequence. However, high mortality rates amongst herbivore populations, even accounting for birth rates of different-sized species, are predicted for assemblages immediately preceding the end-Guadalupian and end-Permian mass extinctions, as well as in the Middle Triassic when archosaurs replaced therapsids as the dominant terrestrial fauna. These results suggest that high rates of herbivore mortality could have played an important role in biodiversity declines leading up to each of these turnover events. Such declines would have made the systems especially vulnerable to subsequent stochastic events and environmental perturbations, culminating in large-scale extinctions.
Introduction
Predator-prey interactions are a major driver of population dynamics, and ultimately of community structure, at ecological and evolutionary scales (Cohen et al., 2003; Jablonski, 2008; Pettorelli et al., 2011) . The fact that many fossil assemblages have a unique community structure, that is with no modern analogues, presents a challenge for understanding how predator-prey relationships influenced macroevolutionary trends in the past. Amongst terrestrial vertebrates, Mesozoic nonavian dinosaur communities, and even earlier Pennsylvanian through Triassic synapsid (mammalian forerunners) and basal reptilian communities, comprised a species-rich and diverse carnivore fauna relative to herbivores (Olson, 1962 (Olson, , 1966 Farlow, 1976; Farlow & Holtz, 2002; Smith et al., 2012; Codron et al., 2013; L€ ang et al., 2013) . For example, the ratio of carnivore: herbivore genera amongst terrestrial vertebrates recovered from the Mid-Permian and Early-Triassic (P-Tr) sequence of the Karoo Basin, South Africa, averages 2.31 across multiple biostratigraphic assemblage zones (see data tables in Smith et al., 2012) . This high carnivore richness relative to herbivore richness is unlike the pattern seen in extant large-bodied vertebrate food webs, in which herbivore species richness outnumbers that of carnivores. Amongst present-day terrestrial mammals, the global carnivore: herbivore species richness ratio is only 0.30, and this figure rises only slightly at regional (0.39 across the African continent; data in Smith et al., 2003) and local (0.65 in a southern African savannah, data in Whyte, 2001) scales.
How such a diverse carnivore fauna co-existed in the presence of an underwhelming diversity of herbivores, a situation unknown amongst communities of largebodied terrestrial vertebrates of today, is a key question for understanding ecosystem properties in the past and the evolution of modern community structures (Olson, 1966) . At present, our knowledge of P-Tr carnivore niche structure is insufficient to address this problem. In modern ecosystems, terrestrial carnivores typically consume prey that is either equal in size or smaller than themselves, with some exceptions amongst packhunting species but even then average prey sizes are similar to sizes of individual predators (Carbone et al., 1999 (Carbone et al., , 2014 Brose et al., 2006; Troost et al., 2008) . Given this phenomenon, and the fact that the larger carnivores (i.e. those above 20 kg) tend to avoid the smallest prey (Carbone et al., 1999 (Carbone et al., , 2007 , carnivores do partition the prey base to some extent, developing dietary niches that are somewhat separate across size classes (Van Valkenburgh, 1999; Radloff & Du Toit, 2004; Carbone et al., 2011; Meloro et al., 2015) . Despite this, carnivores tend to have generalist diets, and so considerable overlap in dietary niches is common (Avenant & Nel, 1997; Van Valkenburgh, 1999; Fedriani et al., 2000) . Because P-Tr terrestrial vertebrate ecosystems were characterized by a wide diversity of carnivore species and a relatively narrow prey species base, it is likely that carnivores in these systems had strongly overlapping dietary niches. However, distinct feeding niches may have occurred if different-sized carnivore species focused on different-sized prey individuals, regardless of prey taxon, or if some carnivorous taxa included food items from other taxa such as invertebrates and fish, scavenged or fed on other carnivores.
To resolve the niche structure of P-Tr carnivores, that is whether species had distinct vs. overlapping dietary niches, it is necessary to consider how each mode would have impacted on food availability, that is prey populations, and ultimately how this would have affected the relative stability of these ecosystems. Because prey size is the main determinant of predator feeding patterns (Cohen et al., 1993; Brose et al., 2006; Troost et al., 2008) , the starting point for such investigations must be to develop an understanding of the relative abundances of carnivore and herbivore individuals of different body sizes based on observations of fossil assemblages. Here, we develop a simple phenomenological model of predator-prey interactions, based on relative abundances of different-sized individuals (encounter rates), and infer the size structure of the diets of different-sized carnivores. We first present a detailed analysis of carnivore and herbivore species richness, diversity and abundance across Karoo P-Tr assemblage zones, using a taxonomically updated database comprising over 13 000 specimens. We then evaluate probable patterns of predator-prey interactions based on comparative frequency distributions of the body sizes [using basal skull length (BSL) as a proxy] of carnivores and herbivores in each assemblage zone. Finally, we develop a model that simulates size-dependent predator-prey interactions in these assemblages, to infer likely dietary ranges of different-sized carnivores under either of the two scenarios of carnivore niche structure, and their impacts on herbivore populations. Comparing these effects across assemblage zones allows us to determine the most viable solution for P-Tr vertebrate ecosystems, and how this may have changed across turnover events such as the end-Permian mass extinction (EPME).
Materials and methods

Data collection
The fossil record recovered from the Karoo Basin in central South Africa provides one of the most extensive records of Late Paleozoic terrestrial vertebrate systems, spanning the Middle Permian through Early Jurassic periods. The Beaufort Group of the Karoo Supergroup has yielded a biostratigraphic succession of distinct faunal assemblage zones (AZs). From oldest to youngest, the Middle Permian record comprises the Eodicynodon (EAZ) and Tapinocephalus (TAZ) AZs, the Late Permian comprises the Pristerognathus (PAZ), Tropidostoma (TrAZ), Cistecephalus (CiAZ) and Daptocephalus (DAZ) AZs, whereas the Triassic sample comprises the Lystrosaurus (LAZ) and Cynognathus (CAZ) AZs. The overlying Stormberg Group includes three formations, namely the Molteno (with a fossil record comprising mostly plant fossils), Elliot and Clarens formations. All the vertebrate assemblages (apart from the Elliot Formation) are dominated by therapsids, the phylogenetic predecessors of mammals, and are an important source of information about early mammal evolution, and major extinction events that affected terrestrial vertebrates. This record documents the Guadalupian extinction at the end of the Middle Permian (Retallack et al., 2006; Day et al., 2015) , but also preserves the most catastrophic extinction event in Phanerozoic history, the EPME~252 million years ago (Erwin, 1994 (Erwin, , 2003 Retallack, 1995; Bowring et al., 1998; Erwin et al.,Brink, 2014) . We compiled a database of Karoo P-Tr vertebrate specimens. The majority of specimens (12 405) are recorded in databases of all the major fossil collections in South Africa (National Museum, Bloemfontein; Iziko Museums, Cape Town; Evolutionary Studies Institute, University of the Witwatersrand, Johannesburg; Ditsong Museum, Pretoria; Albany Museum, Grahamstown; Council for Geosciences, Pretoria; and the Rubidge Collection, Wellwood, GraaffReinet), and a further 612 are specimens housed in collections outside South Africa. To update the taxonomic and biostratigraphic information in the database, we consulted with subject specialists as well as the recent literature (Sidor & Smith, 2004 Abdala, 2007; Botha & Smith, 2007; Gebauer, 2007; Fr€ obisch, 2008; Huttenlocker, 2009; Kammerer, 2009; Kammerer & Angielczyk, 2009; Nesbitt et al., 2009; Tsuji & M€ uller, 2009; Abdala & Ribeiro, 2010; Kammerer et al., 2011; Angielczyk & Rubidge, 2013; Day, 2013) . Although our database incorporates current taxonomic revisions of the various therapsid groups and species, it should be noted that at this stage, we are forced to assume that the underlying specimen identifications in existing databases are correct because we were unable to personally verify identifications for all specimens. Nevertheless, taxonomic discrepancies can be considered minor relative to the large scale of the analyses below and are unlikely to substantially alter patterns that emerge (Irmis et al., 2013) .
The complete database was revised to suit the needs of this study. We excluded the EAZ due to its small sample size, assemblages not dominated by therapsids (i.e. the Elliott Formation), specimens not identified to at least genus level, and all temnospondyls as these animals were likely mostly aquatic and therefore would not have formed a major part of terrestrial food webs. Species were classified as either herbivore or carnivore, based on information given in Smith et al. (2012) and personal observations of fossils (JBB). We do not distinguish between carnivores that fed on vertebrates from insectivores, because our study does not attempt to resolve the taxonomic composition of carnivore diets, but rather investigates whether the terrestrial vertebrate prey base could have sustained all the terrestrial carnivores of the times. A negative result in this regard would imply some level of feeding on other prey groups, such as fish or invertebrates. Species for which trophic information is not available, or which are listed as omnivores, were also excluded (12 taxa in total). The final data set used comprises 195 taxa (of which 173 are identified to species level, the remainder to genus level), divided across eight major clades [the reptilian Eureptilia and Parareptilia, and the therapsid Dinocephalia, Biarmosuchia, Anomodontia (including Dicynodontia), Gorgonopsia, Therocephalia and Cynodontia], and is included in the electronic supplement (Table S1 ).
Data analysis
We calculated community metrics for carnivores and herbivores in each AZ: species richness (number of species), a-diversity (Shannon-Wiener index) and evenness (Pielou's index) (e.g. Magurran, 1988; Begon et al., 2006) . However, any fossil sample is by nature an incomplete representation of the underlying assemblage, due to taphonomic and collector biases in the data (Allison & Bottjer, 2011) . Irmis et al. (2013) suggested that such biases have negligible effects on broadscale patterns observed in the fossil record, with specific reference to the Karoo P-Tr sample. Other effects, such as the influence of outcrop area on fossil abundances, do not appear to influence estimates of species diversity (Marjanovi c & Laurin, 2008; Fr€ obisch, 2013 Fr€ obisch, , 2014 Irmis et al., 2013) . Moreover, it seems unlikely that any such biases would influence ratios of carnivores: herbivores recovered. Nevertheless, to assess the validity of our results, we used rarefaction and subsampling routines to limit effects of potential biases in the data. Rarefaction was used to evaluate relationships between sampling effort (number of specimens) and species richness in each AZ, to verify whether the sample can be considered largely complete in terms of species representation. Further, because we were also interested in the effects of relative abundances of carnivores and herbivores on P-Tr ecosystems, we used subsampling routines to compare patterns. Two subsampling routines were used, one in which subsample sizes were equal to the smallest sample of all AZs, and the second in which subsample sizes were equal to the number of specimens in a specific AZ for which BSL data are available. We present community metrics as means with 95% confidence limits estimated from 1000 random subsamples in each case. Similar procedures were used for determining the relative abundances of carnivores and herbivores in each size class within an AZ. For comparisons across AZs, Monte Carlo simulations were performed comparing each AZ pair (i and j) from each iteration: significant differences between pairs are inferred if the metric for i was greater than the metric for j in > 97.5% of iterations, or if i < j in < 2.5% of iterations. We report observed changes in community metrics of carnivores and herbivores through time and also on changes in the proportions of species and individuals that were carnivores.
Body size distributions
We compiled a list of BSL data from our own measurements, data provided by other authors, and the literature (e.g. Angielczyk et al., 2005; Roopnarine et al., 2007; Angielczyk & Walsh, 2008; Kammerer, 2009; Kammerer et al., 2011; Roopnarine & Angielczyk, 2012; Huttenlocker, 2014) . Our methods followed procedures commonly used for this purpose, that is measurements of suitable specimens were taken from tip of the snout to the occiput (e.g. Huttenlocker, 2014) . These data (916 specimens, 101 taxa) are incorporated into the final data set used (Table S1 ). BSL measurements are presented in millimetres (mm), but for most analytical purposes, values were log 2 -transformed and then rounded. These results allowed individual sizes to be divided across six size classes (log 2 BSL = 4 to 9).
To evaluate the completeness of the BSL data set, we repeated the analyses of community metrics described above, using only specimens for which BSL data were available. These results were compared with patterns found from analysis of the full data set, using Spearman's rank correlations to test for relationships between each metric. Body size trends were then evaluated based on relative abundances of each size class of each species, treating carnivores and herbivores separately. Body size distributions were described as the mean skewness across all carnivore, and all herbivore, individuals in each AZ, derived from 1000 random subsamples.
Models of size-dependent predation
The main objective of this study was to determine the implications of changes in body size distributions for predator-prey interactions in the Karoo P-Tr fossil record. To investigate effects of predation on populations and communities, we developed a simple phenomenological model based on relationships between carnivore and herbivore body sizes. The model simulates herbivore removals by predators to determine mortality rates (and effectively population viability) under a variety of scenarios. In these models, individual carnivores and herbivores are drawn randomly from hypothetical assemblages that reflect empirical size and species structure of each AZ in turn, and feeding events occur when the body size of a randomly drawn herbivore individual is within the range of possible body sizes the corresponding carnivore individual is predicted to kill and consume. For each feeding event, the number of individual herbivores of the focal size class and species is decreased by one, and biomass intake of the corresponding carnivore group is increased by that herbivore's body size (mass). Random draws are repeated until either all carnivores in the assemblage are satiated, or all available prey (herbivores) have been removed.
Simulated assemblages were derived from observed distributions for each size class (i) and species (j). These proportions (i.e. p ij ) were multiplied by N -an arbitrary initial size of a whole assemblage of carnivores or herbivores -and by the proportion of carnivores or herbivores, respectively, observed in each AZ to yield initial abundances, that is n ij . Mortality rates (q ij ) of herbivores were calculated as the number of individuals in each size class of each species surviving divided by n ij .
However, herbivore n ij was first adjusted to allow for breeding, where the number of births was estimated using allometric equations derived from relationships between a species' body mass and number of offspring (Hendriks & Mulder, 2008) . Hence, q ij estimates reflect the overall viability of simulated herbivore populations. For carnivores, the number of survivors in each size class of each species was calculated by dividing the total biomass intake by intake requirements (in kg) of an individual of a given size. Intake requirements were calculated from body mass/dry matter intake allometries derived for modern animals (Clauss et al., 2007 ; see also Codron et al., 2016) . Because allometric equations for fertility and dry matter intake are based on body mass, we converted our BSL data to body mass (BM) estimates, first using an allometric equation to estimate femoral length: FL = 1.064 BSL 0.9324 (data from Sookias et al., 2012) , and then using BM = 0.0001 FL 2.5017 (data from . In modern systems, carnivore impacts on prey populations differ between endotherms and ectotherms because of the higher intake requirements of the former. Because metabolic rates of Karoo P-Tr fossil vertebrates are not known, we simulated predator-prey interactions assuming one or the other metabolic type to compare patterns between them. Intake requirements of individual modern carnivorous endotherms (mammals) scale with BM 0.702 (Clauss et al., 2007) . Modern ectotherms (herptiles) show similar scaling with BM, but the two groups differ 10-fold in their respective allometric intercepts (0.0332 in endotherms and 0.0033 for ectotherms; see Codron et al., 2016) . Similarly, fertility rates of modern endotherms and ectotherms show different allometric relationships with BM, which we took into account when simulating either scenario. For endotherms (mammals only), fertility (F, number of offspring per individual) was calculated as F = 2.8 BM À0.12 and for ectotherms F = 21 BM 0.48 (data for Mammalia, Reptilia and Urodela from Hendriks & Mulder, 2008) .
Finally, we considered two scenarios of carnivore niche structure. In one scenario, we investigated outcomes for carnivores with distinct dietary niches, that is a particular carnivore would only consume an herbivore individual of the same size class as themselves (size bin). For this scenario, a feeding event only occurred in our simulations if the herbivore: carnivore size ratio of two randomly drawn individuals was between 0.9 and 1.1 (see Codron et al., 2013) . The second scenario assumed carnivores had overlapping dietary niches. For this scenario, the limitation of the minimum size ratio of 0.9 was removed, so that carnivores could consume prey smaller than themselves. Previous studies of the trophic structure of Karoo Permo-Triassic communities (Angielczyk et al., 2005; Roopnarine et al., 2007; Roopnarine & Angielczyk, 2012 also considered carnivore niches largely controlled by body size, but made different assumptions about the assumed relationship between predator and prey body sizes: in general, niche breadths for the first scenario will be narrower than those estimated in the prior studies, but in the second scenario, niche breadths will be narrower in the case of smaller taxa and wider in the case of larger taxa.
For all four scenarios (i.e. distinct and overlapping niches for ectotherms and endotherms, respectively), we present mean q ij of herbivores (with 95% confidence intervals) derived from 1000 simulations for each AZ. Because these results incorporate births, we interpret cases of higher mortality rates as likely indicators of negative population growth and ultimately extinction. We also present estimated niche breadths (B) of carnivore species, based on the index used by Levins (1968) :
where p i is the relative proportion of the i th resource type consumed. Niche breadths are standardized (B A ) as follows:
where n is the number of different resources available. A value of 0 for B A indicates no diversity in prey types eaten, and a value of 1 indicates that all prey types were consumed in equal amounts. All analyses, subsampling and Monte Carlo simulations were performed in R 3. 1.3 (R_Core_Team, 2015) ; the predator-prey model was constructed and simulated using the Visual Basic for Applications (VBA) editor of Microsoft Excel 365 Professional.
Results
Completeness of the database
Species accumulation curves, derived from rarefaction analysis, indicated that species richness and diversity of both carnivores and herbivores is well documented in the Karoo P-Tr record. In all AZs, accumulation curves for carnivores and herbivores appeared to reach an asymptote, often at sample sizes substantially smaller than the total sample (see Fig. S1 ). In most cases, between 95% and 100% of total species diversity was captured even at subsample sizes of 25% of the total sample (Table 1) . Species richness was well represented at subsamples of 75% of the total for each AZ (90-97% in the case of herbivores and 86-96% for carnivores; Table 1 ). Previously, a similar level of completeness in Karoo P-Tr species richness has been shown using similar methods (Irmis et al., 2013) , and our analysis further substantiates this claim in showing that such completeness is similar even across trophic levels. Moreover, patterns of species richness, species diversity and evenness, and to a lesser extent abundance (N), of carnivores and herbivores across AZs are virtually identical for subsamples based on both randomization procedures (Fig. 1) .
Changes in diversity through time
Analysis of community metrics indicates similar patterns of temporal change in diversity of carnivores and herbivores through time ( Fig. 1 ; and see Table S2 ). Species richness, diversity, and evenness declined substantially at the end of the TAZ, with low vertebrate diversity characterizing the PAZ. Total abundances of carnivores also declined over this period. Biodiversity of both groups then increased until the DAZ, that is the assemblage occurring immediately prior to the EPME, and then declined in the Early Triassic (LAZ), before increasing again in the CAZ. Interestingly, however, late Permian declines in species richness occurred between the CiAZ and DAZ, that is biodiversity losses appear to have been occurring well before the end of the Permian. It should be noted that the DAZ has recently been revised to comprise two distinct faunal zones (Viglietti et al., 2016) : future analyses of databases that incorporate this distinction may help to resolve the timing of late Permian biodiversity declines and also why our results differ from those of Fr€ obisch (2014), who found a relatively stable pattern of biodiversity in these assemblages up until the P-Tr boundary. Throughout the sequence, carnivore species richness, diversity and evenness was similarly high compared 
Total nmin nminBSL Fig. 1 Comparative community metrics for carnivores (a-d) and herbivores (e-h) across seven AZs (a-f) through the Karoo P-Tr sequence. Symbols depict means, error bars indicate 95% confidence intervals, both from 1000 random subsamples(subsample sizes were equal to the smallest sample in the sequence in one instance, and to the number of individuals for which BSL data are available in the second instance). Results from analysis of the total sample are included for comparison. Vertical dashed lines indicate the Guadalupian (TAZ-PAZ) and End-Permian (DAZ-LAZ) extinctions, respectively.
with that of herbivores ( Fig. 1a,e ; apart from low species richness of carnivores in the CAZ), although species diversity and evenness of herbivores were consistently higher. Total abundances of carnivores were lower than for herbivores in all AZs, although high carnivore abundances in the TAZ, DAZ and CAZ meant smaller differences in carnivore: herbivore ratios in these assemblages (Fig. 1d,h ). This pattern is better portrayed in Fig. 2 , showing that carnivores accounted for~50% of taxa through the Permian part of the sequence, and as much as~70% of species present in the LAZ. Only in the CAZ do carnivores account for a relatively low (~25%) proportion of all species. The relatively high carnivore abundances in the TAZ, DAZ and CAZ resulted in these animals accounting for approximately 25-30% of all individuals in those assemblages (in other AZs,~10% or less of all individuals were carnivores; Fig. 2b ).
Body size structure of Karoo P-Tr vertebrate assemblages
Community metrics estimated based on the BSL data set are similar to those derived for the whole sample (see Table S3 ). Species richness and total abundances estimated for each AZ in both data sets were significantly correlated (Table 2) , and although correlations of a-diversity and evenness were not significant, this conclusion must be tempered by the small sample size (N = 12) and hence low statistical power of the test. Indeed, visual inspection of the relationship between estimates of a-diversity across AZs from both data sets portrays a reasonably good correlation (Fig. S2 ). Therefore, the BSL data set appears to be a reliable representation of Karoo P-Tr terrestrial vertebrate biodiversity, at least on a general level. However, only five herbivore individuals, and no carnivore individuals, from the PAZ have BSL data; hence, this assemblage is omitted from the analyses that follow. Frequency distributions of size classes were similar whether analyses were based on the whole BSL data set, or subsamples (Table S3 ). Body size distributions of carnivores were left-skewed (dominated by larger individuals) for the TAZ and CAZ and right-skewed for the TrAZ. Right-skewed distributions were also observed for carnivores from the CiAZ, DAZ and LAZ, although in these cases 95% CIs included zero (i.e. their distributions likely did not differ significantly from normal distributions, Fig. 3 and Table S3 ). Herbivore BSL distributions were right-skewed, except for the TAZ (normal) and LAZ (95% CI includes zero).
Simulations of predator-prey interactions
Our models simulating predator-prey interactions were designed to compare the effects of two types of carnivore niche structure (distinct and overlapping) on herbivore assemblages. In the case of distinct niches, carnivore diets were partitioned, with each species limited to consume only prey items that are similar in size to themselves. In the case of overlapping niches, carnivores were allowed to feed on prey similar in size and smaller than themselves. These procedures resulted in dietary niche breadths of carnivores that generally increased with body size, especially in the case of overlapping niches ( Fig. 4 ; see also Fig. S3 , Table S4 ). This outcome also meant that the broader niche breadths (measured in terms of the relative abundances of different prey sizes consumed) of carnivores with overlapping niches compared with the partitioned scenario were most pronounced amongst larger-bodied carnivores. However, in several cases, smaller carnivores had similarly broad, or even broader, niche breadths than larger ones, for example in the TAZ, CAZ and to a lesser extent the CiAZ and DAZ, indicating that in these circumstances, smaller prey items contributed only negligibly to the total biomass consumed by larger carnivores. This pattern would emerge in our simulations if smaller prey items were less available to larger carnivores, due to smaller prey items having relatively low Proportion of individuals Carnivore Herbivore Fig. 3 BSL distributions (log 2 -transformed) of carnivores and herbivores from six AZs (a-f) through the Karoo P-Tr sequence. The graphs show means and 95% confidence intervals (whiskers) derived from 1000 random subsamples(subsample sizes were equal to the smallest sample in the sequence). Refer to Table S3 for skewness estimates.
abundances and/or being overexploited by smaller-bodied carnivores. Mortality rates of simulated herbivore populations, taking into account size-dependent fertility rates, varied within and across AZs, indicating differences in the potential for negative population growth, and ultimately extinction ( Fig. 5 ; see also Table S5 ). Scenarios based on allometries for ectotherms yielded lower mortality rates than on endotherms, which is expected because of lower intake rates by ectothermic carnivores. Therefore, our interpretations are limited to patterns within each metabolic group. In both cases, the most stable assemblages, that is lowest herbivore mortality rates, were the TrAZ and CiAZ. By contrast, high mortality rates, that is 0.8 to 1.0 (complete extinction), were found for the TAZ and CAZ. Mortality rates for the DAZ were also high in the case of endotherms and amongst smaller herbivores from the LAZ, regardless of metabolism.
Comparing outcomes between distinct and overlapping carnivore niche structures revealed that, in cases where these two modes had disparate effects on the system, smaller-sized herbivores suffered greater mortality rates when carnivores had overlapping dietary niches, but larger herbivores experienced greater losses under a scenario of niche separation amongst carnivores (Fig. 5) . Evidently, in our models, niche separation placed more pressure on large herbivores because larger carnivores focused their feeding solely on individuals in these size classes. Introducing broader niche breadths alleviated pressure on larger herbivores, as large carnivores included a higher proportion of smaller prey items. However, under this scenario, there were higher rates of mortality experienced by smaller herbivores.
Discussion
This study explored whether comparatively high carnivore: herbivore species ratios in large-bodied terrestrial vertebrate communities of the Mid-Late Permian and Early-Middle Triassic contributed to instability of predator-prey systems, due to the relatively narrow prey species base. Although we did find high carnivore: herbivore species ratios in these systems, proportions of carnivore individuals within assemblages were not dissimilar to those found in modern mammalian systems (range = 0.29-3.09% across continents, see data in Damuth, 1987) . Thus, despite having access to a relatively narrow range of terrestrial vertebrate prey species, P-Tr carnivores appear to have had sufficient food available for populations to be maintained. This would have been achieved by carnivores consuming prey across the wide variety of body size classes available such that consumption of prey items from other systems such as invertebrates or fish may not have been necessary for many carnivores. In many instances, this could have been achieved by prey switching through ontogeny, especially if parental care was minimal, as occurs in a diversity of extant vertebrates (Polis, 1984; Werner & Gilliam, 1984) . Indeed, there is even evidence for size-based prey switching during ontogeny amongst therapsids, inferred from changes in craniodental morphology (Grine et al., 1978) . It also emerged that large-bodied carnivores would not have gained substantial biomass by feeding on smaller prey in many systems, thereby alleviating pressures related to excessive competition for this resource. On the other hand, patterns for smaller carnivores present a possible caveat to the overall conclusion, and we discuss this below. Our study is subject to a number of limitations. As is the case with most paleoecological investigations, the incompleteness of the fossil record, as well as taphonomic bias and collector subjectivity means that one must question how accurately the data represent ecosystems of the times (Allison & Bottjer, 2011; Brown et al., 2012; Irmis et al., 2013) . In particular, smallerbodied individuals may often be omitted, or at least underrepresented, in such data sets because they are more difficult to find and identify. Nonetheless, such biases are expected to have relatively small effects on analyses and interpretations of most broad-scale questions (Archibald, 1996; Irmis et al., 2013) , especially if these effects were of similar magnitude across all assemblage zones. We tested for taxonomic completeness of the data set, as well as for the BSL data set, using rarefaction and subsampling procedures. We found consistent patterns across both data sets, and using both analytical approaches, suggesting that our data sets are reliable approximations of P-Tr community structure. However, we cannot rule out that especially smaller individuals may be underrepresented and may therefore have an influence on some of the results discussed below. Finally, our model of predator-prey interactions is a static system that studies effects within each AZ over a single time step. In most cases, predators were able to find sufficient food (zero carnivore mortality rates for most cases). Doubtless the variability in herbivore mortality rates would have revealed more dynamics in carnivore populations had our models been extended over multiple time steps, but models for such multiple-species predator-prey dynamics are not presently available. Likewise, trophic network models that allow more complex patterns of interaction between species indicate that top-down feedback and trophic cascades could have strongly influenced patterns of extinction and survival in some Karoo communities (Roopnarine & Angielczyk, 2012) .
Our analyses revealed that changes in carnivore and herbivore species diversity through time across the Karoo P-Tr sequence were synchronized (Fig. 1) . A notable exception is that there appear to be differences in post-EPME recovery rates for carnivores compared with herbivores. Amongst terrestrial vertebrates, post-EPME recovery of biodiversity has been observed in most clades (Botha & Smith, 2006; Sahney & Benton, 2008; Irmis & Whiteside, 2012 ), but we found that when trophic levels are considered separately, species richness recovery by the CAZ was only evident amongst herbivores. Obviously, our analyses do not account for differences in speciation rates, and thus, the lack of an observed recovery amongst carnivores at this time does not necessarily rule out species turnover. There is also the possibility that selection for community stability could have driven the more rapid recovery of herbivore diversity (Roopnarine & Angielczyk, 2012 .
Aside from synchronous patterns of diversity, body size distributions, and in particular maximum size classes, were seldom different between carnivores and herbivores, with only a few exceptions. A common assumption about large-bodied vertebrate systems, observed regularly in living and extinct mammals, is that herbivores attain larger sizes than carnivores, often as an evolutionary response to escape predation (Smith et al., 2010) . With few exceptions, it appears that therapsids and other P-Tr vertebrates did not experience this constraint, whether because of phylogenetic limitations to maximal size, physiological differences or perhaps insufficient predation pressure to drive selection for extreme size. Therefore, even the largest carnivores were able to find sufficient large-bodied prey and achieve required intake levels.
Empirical results, as well as simulations of predatorprey dynamics, indicate that different niche structures within the carnivore guild would have influenced P-Tr ecosystems differently. If carnivores had distinct dietary niches across their body size range, consuming only those prey items that were similar in size to themselves, most herbivore size classes would have been able to exist in sustainable populations. However, the largest herbivore species may have experienced increased predation pressure because (i) they did not exceed carnivores in maximum body size and (ii) those large carnivores would not have supplemented their diets with smaller-bodied prey items. By contrast, if carnivore dietary niches overlapped across the body size range, populations of smaller-bodied herbivore species were more likely to experience high mortality rates and even extinctions. Under this scenario, smaller-bodied carnivores may have been forced to utilize small prey items from other systems (e.g. fish, invertebrates), given the added competition pressure from large carnivores on the smaller-bodied herbivore resource. Indeed, many of the smaller vertebrate carnivores from the PTr Karoo assemblages are thought to have been predominantly insectivorous (Van Valkenburgh and Jenkins 2002) , and results presented by Roopnarine & Angielczyk (2012) showed the potentially critical role of vertebrate-insect interactions for community stability during the LAZ. Changes in prey bases through ontogeny could also have alleviated pressure on resources of particular body sizes , and this potential level of niche separation in therapsids warrants further investigation.
Results of our model indicate that predation pressure would have influenced herbivore populations most negatively during the earliest (TAZ) and latest (CAZ) parts of the sequence and also (albeit less so) during the periods immediately preceding and after the EPME (DAZ and LAZ). The LAZ is widely considered to represent a system in early stages of recovery following the EPME, and given the very low diversity of herbivores in this assemblage, negative impacts on biodiversity are not surprising (see also Roopnarine et al., 2007) . The TAZ, CAZ and DAZ represent assemblages living in times immediately preceding major faunal turnover events: the end-Guadalupian extinction at the end of the TAZ, the EPME as mentioned, and the replacement of therapsids by archosaurs as the dominant terrestrial vertebrate fauna after the CAZ (Benton, 1993; Sahney & Benton, 2008) . Both extinction events are widely thought to have been the result of interlinked stochastic events, including atmospheric pollution from flood basalt volcanism (Renne et al., 1995; Sephton et al., 2005) , oceanic anoxia (Wignall & Twitchett, 1996; Isozaki, 1997; Hotinski et al., 2001) , oceanic overturn (Knoll et al., 1996) , excessive methane release (Krull et al., 2000; Sheldon & Retallack, 2002) , rapid global warming and terrestrial aridification (Ward et al., 2000 (Ward et al., , 2005 Smith & Ward, 2001; Benton & Newell, 2014) , food web collapse (Wang et al., 1994) and a combined 'tangled web of destruction', caused by the temporary breakdown of the Earth's natural recycling mechanisms (Erwin, 1994) . In addition, the earliest Triassic assemblage (LAZ) is thought to have experienced environmental instability during this recovery phase, with populations at high risk of extinction due to unreliable resource availability, strong competition amongst carnivores and associated trophic cascade effects (Roopnarine, 2006; Roopnarine et al., 2007; Roopnarine & Angielczyk, 2012) . Although our results do not contradict these concepts, they do suggest a deterministic factor (predation and changes in carnivore: herbivore species ratios) underlying population declines during periods leading up to the end-Guadalupian and EPME extinctions, and during the CAZ prior to dinosaur domination on land. Indeed, most extinctions are expected to occur following a two-phase process, starting with population declines and fragmentation due to deterministic factors limiting populations, followed by stochastic factors (including environmental catastrophes) driving these populations to abundances below the extinction threshold (e.g. Brewer, 1994; Hunter & Gibbs, 2007) . Indeed, trophicbased ecosystem instability, including secondary extinctions, potentially could have been a major factor for biodiversity in the LAZ (Roopnarine et al., 2007; Roopnarine & Angielczyk, 2012) . Future studies should aim to more fully incorporate potential impacts of biotic interactions like predation on biodiversity declines and faunal turnover in the fossil record.
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